HILLERMANNOVÁ, M., KOPP, R., SUKOP, I., VÍTEK, T.: Accumulation of trace metals by aquatic macrophytes and their possible use in phytoremediation techniques. Acta univ. agric. et silvic. Mendel. Brun., 2008, LVI, No. 1, pp. 97-104 The aim of the performed research was to obtain knowledge on the ability of aquatic plants naturally growing at a site to absorb trace metals contained in bottom sediments and surface water. Furthermore, we compared diff erences in the accumulation of trace metals by the individual groups of aquatic plants (submerged and emergent) and assessed a possible use of the individual plant species in phytoremediation techniques. Representative samples of water, sediments and aquatic macrophytes were taken from three anthropogenically loaded streams in six monitoring cycles in several collection profi les diff ering in the distance from a source of contamination. The samples were analysed for the total content of selected trace metals (As, Cd, Pb, Al, Hg, Zn, Fe, Mn, Cr, Ni and Cu). For comparison, one profi le at an unloaded site was sampled as well. The obtained results were subjected to multivariate statistical analysis of data. Increased contents of Fe, Al, Mn, Cr and Zn were detected in sediments and plant biomass at loaded sites, namely 2-3× higher than at the comparing site. The contents of metals in surface water samples were altogether below the detection limit of the analytical method. When evaluating the individual plant species, we can state that the lowest contents of metals were detected in shore species (reed canary grass Phalaroides arundinacea, wood club-rush Scirpus silvaticus and red dock Rumex aquaticus); plant species growing in the very water current (water star-wort Callitriche sp. and fl ote-grass Glyceria fl uitans) exhibited mean contents of metals. In species forming mats (Fontinalis antipyretica and Cladophora sp.), these contents were several times higher as compared to the previous species. The results of the performed research show that one of important factors, which infl uence the accumulation of trace metals in plants, is their ecological group (emergent -submerged) affi liation and the species classifi cation within this group. Based on the evaluated data, we can recommend species of moss and algae that form mats eventually species growing in the very water fl ow for the future use in phytoremediation techniques. trace metals, freshwater ecosystems, aquatic macrophytes, sediment, contamination Trace metals belong undoubtedly to the most signifi cant inorganic contaminants of the ecosystem of surface waters. However, as SVOBODOVÁ et al. (1996) state, the concentration of metals detected in waters from diff erent sites of surface waters on the territory of the Czech Republic ( ). Even at sites of surface waters heavi ly loaded by metals for a long time, values valid for water supply courses and for the other surface waters are detected in water samples. Determination of metals only in the liquid part of the ecosystem of the aquatic environment does not convey well the real total pollution of a monitored site. For this reason, it is necessary to pay attention to other components of the aquatic ecosystem as well.
The aim of the performed research was to obtain knowledge on the ability of aquatic plants naturally growing at a site to absorb trace metals contained in bottom sediments and surface water. Furthermore, we compared diff erences in the accumulation of trace metals by the individual groups of aquatic plants (submerged and emergent) and assessed a possible use of the individual plant species in phytoremediation techniques. Representative samples of water, sediments and aquatic macrophytes were taken from three anthropogenically loaded streams in six monitoring cycles in several collection profi les diff ering in the distance from a source of contamination. The samples were analysed for the total content of selected trace metals (As, Cd, Pb, Al, Hg, Zn, Fe, Mn, Cr, Ni and Cu) . For comparison, one profi le at an unloaded site was sampled as well. The obtained results were subjected to multivariate statistical analysis of data. Increased contents of Fe, Al, Mn, Cr and Zn were detected in sediments and plant biomass at loaded sites, namely 2-3× higher than at the comparing site. The contents of metals in surface water samples were altogether below the detection limit of the analytical method. When evaluating the individual plant species, we can state that the lowest contents of metals were detected in shore species (reed canary grass Phalaroides arundinacea, wood club-rush Scirpus silvaticus and red dock Rumex aquaticus); plant species growing in the very water current (water star-wort Callitriche sp. and fl ote-grass Glyceria fl uitans) exhibited mean contents of metals. In species forming mats (Fontinalis antipyretica and Cladophora sp.), these contents were several times higher as compared to the previous species. The results of the performed research show that one of important factors, which infl uence the accumulation of trace metals in plants, is their ecological group (emergent -submerged) affi liation and the species classifi cation within this group. Based on the evaluated data, we can recommend species of moss and algae that form mats eventually species growing in the very water fl ow for the future use in phytoremediation techniques. trace metals, freshwater ecosystems, aquatic macrophytes, sediment, contamination Trace metals belong undoubtedly to the most signifi cant inorganic contaminants of the ecosystem of surface waters. However, as SVOBODOVÁ et al. (1996) ). Even at sites of surface waters heavi ly loaded by metals for a long time, values valid for water supply courses and for the other surface waters are detected in water samples. Determination of metals only in the liquid part of the ecosystem of the aquatic environment does not convey well the real total pollution of a monitored site. For this reason, it is necessary to pay attention to other components of the aquatic ecosystem as well.
Plants are able in a certain species dependence to absorb metal ions and store them in their tissues. In this regard, special attention is paid to so-called hyperaccumulators, which are such plant species which have an extraordinary ability to accumulate metals in concentrations of up to 1-10 mg.g −1 of dry matter. This ability of plants is applied in one of phytodecontamination techniques, which are collectively designated as phytoremediation (SMRČEK, 2002) . Phytoremediation techniques can be divided in terms of mechanism into phytodecontamination and phytostabilisation technologies, while phytodecontamination techniques can include phytoextraction, phytodegradation and phytovolatilisation (KAFKA et al., 2002) . However, these remediation procedures currently apply above all land (terrestrial) plant species. But higher aquatic plants also accumulate metals very well, especially lead and cadmium (SVOBODOVÁ et al., 1996) . In aquatic macrophytes as well, one of main factors infl uencing the intake of trace metals is a plant species. DRBAL et al. (1995a) states that fl oating and submerged plants accumulate trace metals more than plants rooting in the bottom.
The aim of the performed research was to obtain knowledge on the ability of aquatic plants naturally growing at aff ected sites to absorb trace metals contained in bottom sediments and surface water. Furthermore, we attempted to assess a possible use of these plant species for the detection of chronic load of water streams by metal ions, to compare diff erences in accumulation of trace metals by the individual groups of aquatic plants (submerged and emergent) and to evalu ate the suitability of the individual plant species for a possible use of in phytoremediation techniques. 
MATERIAL AND METHODS

Sampling
Collected samples
In the course of two years, six monitoring cycles were carried out. Sampling took place in the following terms: 2005: June, August, the turn of September and October 2006: the turn of June and July, September, October.
At each contaminated site, a representative collection of samples of diff erent plant species, bottom sedi ments and water was conducted in various profi les (diff ering in the distance from an assumed source of contamination). In the "uncontaminated" comparing site, monitoring was carried out only in one profi le. Sediments were taken from a surface layer (of a maxi mum depth of 15 cm); water samples were re-fi ltered and fi xed with concentrated nitric acid. All samples were placed in sampling bottles stored in ice boxes and transported for laboratory analyses to determine the total amount of the selected trace metals.
Chemical analyses
Collected samples were analysed for the total content of As, Cd, Pb, Al, Hg, Zn, Fe, Mn, Cr, Ni and Cu. Chemical analyses were provided as a service in hydrochemical laboratories of GEOtest Brno, a. s. 
Water
In re-fi ltered samples fi xed with concentrated nitric acid, the total content of trace metals was determined by the method ICP OES, AAS (inductively coupled plasma optical emission spectrometry, atomic absorption spectrometry).
Sediment
Sediment samples were dried, crushed and homogenised. Subsequently, a fraction of grains of < 1 mm in size was taken for decomposition. Such treated samples were mineralised under pressure with nitric acid in a microwave device MWS-2 Berghof. The content of trace metals was determined by the method ICP OES, AAS. The correctness of results of analyses was verifi ed on a certifi ed standard of soil "Loam 7004 Analytica".
Plants
In rooting plants, only their shoot was used for analy ses. The material was perfectly rinsed with distilled water, dried, crushed and homogenised. Such treated samples of plant material were mineralised under pressure with a mixture of 65% nitric acid and H 2 O 2 in a microwave device MWS-2 Berghof. The content of trace metals was determined by the method ICP OES, AAS. The correctness of results of analyses was verifi ed on a reference plant material BCR No. 61.
Processing of statistics
For data evaluation, a multivariate statistical analysis (method of main components, cluster analysis and dendrograms) was used. A combination of diverse so ware products was applied: NCSS2000 and SCAN, ADSTAT 2. Accumulation of trace metals by aquatic macrophytes and their possible use in phytoremediation 99
RESULTS AND DISCUSSION
As to the results of analyses of surface water for the contents of the selected trace metals, we can state that almost in all cases it has been confi rmed that the water samples did not show increased contents of these contaminants (Tab. I). The detected values, in most cases, did not exceed the limits given by Decree of the Government No. 61/2003 Coll. on indicators and values of admissible pollution of surface waters and wastewaters. Only at the site Svratka below the MARS landfi ll, one time higher contents of Fe, Mn and Zn occurred, namely during ongoing landscaping in the place of the former landfi ll. But the contents of metals were mostly below the detection limit of the analytical method both at the contaminated sites and at the comparing (reference) one. As stated by SVOBODOVÁ et al. (1996) , the concentration of metals in surface waters is not, therefore, the governing indicator of the real long-term contamination of the aquatic environment by these substances. Accordingly DRBAL et al. (1995b) , who monitored the migration of trace metals in a pond ecosystem, state that their lowest concentrations are in water, where their content is altogether three orders lower as compared to the other materials (sediments, biological material). Based on these fi ndings, it can thus be clearly stated that the mere analysis of water samples from a site cannot provide any relevant data on the chronic load by contaminants.
In sediment samples, eff ects of the long-term load of the sites have already been manifested by anthropogenic pollution. The increased contents of Fe, Al, Mn, Cr and Zn were detected at all the contaminated sites. These values were several times higher than at the reference site. However, a er the comparison with literary sources, these increased values are by no means extreme. For instance, ŠVEHLA et al. (1999) monitored the content of selected trace metals in sediments of twelve České Budějovice ponds. The average content of Zn and Cr amounted to 66.6 and 47.2 mg.kg −1 of dry matter respectively. Accordingly, SPURNÝ et al. (2002) detected, among others, the concentration of Zn and Cr at 3 sites of the upper course of the Jihlava River, while collecting samples of water, sediments and biological material. Increased contents of the monitored metals were recorded at all monitored sites in diff erent components of the aquatic ecosystem. The highest concentrations were identifi ed in sediments (e.g. at site 2 the following values were detected (in mg.kg −1 ): Zn 80.290 and Cr 8.713). When observing the movement of trace metals in the pond Naděje by Lomnice nad Lužnicí, the content of trace metals was also determined in its sediments (DRBAL et al., 1995b KUBAL et al. (2002) , they can suddenly be washed out by a mere change in the surrounding conditions (for instance, by lowering pH). The same problem is pointed out by SUSCHKA (1993) , who addressed the occurrence of trace metals in surface waters of Upper Silesia, where ores containing Zn, Pb and Fe are mined to a large extent. In particular, he deals with the River Biala Przemsza, which is the main recipient of wastewaters from the premises of the so-called "Bukowno Komplex" (operation with the greatest production of zinc in the world). The author states that trace metals contained in the wastewaters are deposited to a considerable extent in sediments of the recipient and can, even a er the end of ore mining and processing, contaminate the river water for centuries.
The content of trace metals detected in the sediments was refl ected in their amounts identifi ed in the plant organisms. In them, the highest values for Fe, Al, Mn, Cr and Zn were detected as well. It is, however, very important to emphasise the striking preference of the informative value of analyses of plant samples to sediments. Plants permanently growing at a site really show the conditions of the site, whereas sediments can, especially a er rain, be washed from the upper parts of streams and cover original sediments. When comparing these values with the values from the unloaded site, it was shown that the contents of metals in the tissues of the aquatic macrophytes in the anthropogenically aff ected sites were 2-3× higher (Tab. I). KLUMPP et al. (2002) state that the long-term use of fungicides containing copper in cocoa plantations of southern Brazil caused the contamination of regional freshwater ecosystems. As bioindicators of this pollution, the authors chose the fl oating aquatic macrophytes water hyacinth (Eichhornia crassipes) and water lettuce (Pistia stratiotes), in which the contents of Al, Cr and Cu were determined. Higher contents of metals in plants were detected in lower sections of streams; the authors recommend using aquatic macrophytes as bioindicators of the load of the aquatic ecosystem by trace metals. The aforementioned facts show that aquatic plants could be used in the evaluation of the real ecological state of the ecosystem of surface waters in terms of their contamination by trace metals.
The distinct diff erence in the content of trace metals can be traced between the individual plant species (Fig. 1) . The highest contents were detected in species forming mats (Fontinalis antipyretica, Cladophora sp.), whereas these contents were several times lower in shore species (reed canary grass Phalaroides arundinacea, wood club-rush Scirpus silvaticus, red dock Rumex aquaticus). Plant species occurring just in the water fl ow (water star-wort Callitriche sp., fl otegrass Glyceria fl uitans) showed mean contents of metals. DRBAL et al. (1995a) also state that plants are able to selectively take in trace metals. The authors monitored the content of trace metals in macrophytes taken from three pools lying in the fl oodplain of the River Lužnice. According to the authors, the difference in the intake of trace metals between fl oating (duckweed, water-weed) and emergent plants was confi rmed. According to SVOBODOVÁ et al. (1996) , fl oating plants have the highest contents of metals, reeds the lowest ones. SANCHEZ et al. (1994) identifi ed the content of trace metals (Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb and Zn) in samples of sediments, bryophyte Brachythecium rivulare, vascular plants (so rush Juncus eff usus and common catttail Typha latifolia) and fi sh (brown trout Salmo trutta m. fario and European eel Anguilla anguilla), which were taken from diff erent sites of a river fl owing through an area of former lead and zinc mining. High concentrations of both the trace metals were detected, especially in sediments and in bryophyte, in which the content of Pb reached up to 1.690 mg.kg −1 and that of Zn up to 11.800 mg.kg −1 (in sediments: 1.300 mg.kg −1 and 8.710 mg.kg , respectively). FÖRSTNER and WITTMANN (1983) report that the most suitable algae are fi lamentous green ones in terms of monitoring the content of trace metals because they can easily be separated from the other algae due to their size. Diff erent results were presented by HELEŠIC and SCHEIBOVÁ (2000), who identifi ed the content of trace metals at 5 sites -surface streams within the territory of the CR, witch each of the sites characterising a certain hydrobiological zone. Besides samples of zoobenthos, sedi ments and macrophytes, also samples of algae were taken, particularly it was Cladophora sp. The content of As, Cd, Cu, Ni, Pb, Hg and Zn was determined in the samples. The values detected in the alga Cladophora sp. were lower as compared to the content of metals both in the moss representative Fontinalis antipyretica, and in the macrophyte representatives Batrachium fl uitans and Myriophyllum sp.
Based on the obtained results, we can state that the aquatic macrophytes are able to accumulate trace metals in their tissues, but this depends on the species. These facts are also refl ected in the evaluation of the suitability of their use in phytoremediation techniques. In our monitoring, the lowest contents of metals were detected in the shore species of plants. In addition, these plant species are imbedded in sediments by a relatively spreading root system. No data of the content of trace metals in the root system are available to us; only the shoot of the plants was analy sed. It would be appropriate here to establish 
